Lidar technology will play an important role in enabling highly ambitious missions being envisioned for exploration of solar system bodies. Currently, NASA is developing a set of advanced lidar sensors, under the Autonomous Landing and Hazard Avoidance (ALHAT) project, aimed at safe landing of robotic and manned vehicles at designated sites with a high degree of precision. These lidar sensors are an Imaging Flash Lidar capable of generating high resolution three-dimensional elevation maps of the terrain, a Doppler Lidar for providing precision vehicle velocity and altitude, and a Laser Altimeter for measuring distance to the ground and ground contours from high altitudes. The capabilities of these lidar sensors have been demonstrated through four helicopter and one fixed-wing aircraft flight test campaigns conducted from 2008 through 2012 during different phases of their development. Recently, prototype versions of these landing lidars have been completed for integration into a rocket-powered terrestrial free-flyer vehicle (Morpheus) being built by NASA Johnson Space Center. Operating in closed-loop with other ALHAT avionics, the viability of the lidars for future landing missions will be demonstrated. This paper describes the ALHAT lidar sensors and assesses their capabilities and impacts on future landing missions.
I. Introduction
Missions to solar systems bodies must meet increasingly ambitious objectives requiring highly reliable "soft landing", "precision landing", and "hazard avoidance" capabilities. Robotic missions to the Moon and Mars demand landing at pre-designated sites of high scientific value near hazardous terrain features, such as escarpments, craters, slopes, and rocks. Missions aimed at paving the path for colonization of the Moon and human landing on Mars need to execute onboard hazard detection and precision maneuvering to ensure safe landing near previously deployed assets. Asteroid missions require precision rendezvous, identification of the landing or sampling site location, and navigation to the highly dynamic object that may be tumbling at a fast rate. Lidar technology will play a major role in enabling these ambitious mission conceptss due to its capabilities of precision measurement of vehicle relative proximity and velocity, and providing high resolution elevation map of the surface during the descent to the targeted body.
Currently, NASA Langley Research Center (LaRC) is developing a set of novel lidar sensors under the Autonomous Landing and Hazard Avoidance Technology (ALHAT) project 1 . These lidar sensors are 3-Dimensional Imaging Flash Lidar, Doppler Lidar, and Laser Altimeter. These three lidar sensors perform five essential landing functions: Altimetry, Velocimetry, Terrain Relative Navigation (TRN), Hazard Detection and Avoidance (HDA) and Hazard Relative Navigation (HRN). The operation of these advanced lidar sensors may be best described in the context of a lunar landing scenario as shown in Fig. 1 . As the landing vehicle initiates its powered descent toward the landing site at about 20 km above the surface, the Laser Altimeter begins its operation providing altitude data with sub-meter precision. This measurement will reduce the vehicle position error significantly since the Inertial Measurement Unit (IMU) suffers from drastic drift over the travel time from the Earth. The IMU drift error can be over 1 km for a Moon-bound vehicle and over 10 km for Mars. Accurate altitude data reduces position error to a few hundred meters. Shortly after, the Flash Lidar starts its operation by having its laser beam focused to illuminate a subset of its pixels generating a relatively low-resolution elevation data of the terrain below. The reason for reducing the divergence of the lidar transmitter beam to a fraction of its receiver field of view is to increase its operational range to about 15 km from a nominal 1 km. At this altitude, the Flash Lidar can generate elevation maps of the terrain and match them to on-board maps having known surface features such as craters. This process, referred to as Terrain Relative Navigation, will further reduce the vehicle relative position error from hundreds of meters to tens of meters. When the landing vehicle descends to about 2.5 km, the Doppler lidar initiates its operation by providing ground-relative vector velocity and altitude data with high precisions of the order of 1 cm/sec and 10 cm, respectively. The Doppler lidar data will enable navigation to the selected landing site to better than a meter in precision. From about 1 km to 0.5 km from the ground, the Flash Lidar will operate with its full field of view, generating a high resolution elevation map of the landing zone while identifying hazardous features such as rocks, craters, and steep slopes. This elevation map is then processed to determine the most suitable safe landing location (HDA function). The Flash lidar will then continue to update the map in order to establish a trajectory toward the selected landing location. This phase of Flash Lidar operation is referred to as Hazard Relative Navigation. The Flash Lidar operation ceases at approximately 100 m above the ground before the vehicle thrusters create a dust plume. The high precision velocity and altitude data provided by the Doppler Lidar allows the Guidance, Navigation, and Control system to direct the vehicle to the identified landing site and ensure a safe and smooth landing.
Figure 1. Lunar Landing Operational Scenario of Lidar Sensors.
Table 1 below summarizes the functions that each lidar sensor is capable of performing along with their associated operational altitudes during the descent, terminal approach, and landing phases. There is a significant overlap in capabilities of these three lidar sensors. The Flash Lidar is capable of performing all the functions with exception of velocimetry that is provided the Doppler Lidar. The ability of the Doppler Lidar to provide velocity data to better than 1 cm/sec is highly attractive for precision landing. Additionally, the Doppler Lidar provides high resolution altitude and ground-relative attitude data that may further improve precision navigation to the identified landing site. The Laser Altimeter provides independent altitude data over a large operational altitude range from 20 km to 100 m. Although the Flash lidar is fully capable of providing the necessary altitude data, the Laser Altimeter is used in the operational scenario of Fig. 1 in order to lessen spacecraft accommodation issues. Since the orientation of the spacecraft will be different during different phases of descent and landing, it may be difficult to accommodate the Flash Lidar such that it will have a clear view of the ground during the approach phase (< 2km altitude), when it needs to perform HDA and HRN functions, as well as powered descent phase (20 km -10 km altitude), when
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Altimetry and TRN functions need to be performed. Therefore, the Laser Altimeter can reduce the complexity of spacecraft accommodation design and ease the spacecraft attitude control requirements. Even if the Flash lidar can operate over the entire powered descent phase, the Laser Altimeter may serve as a redundant sensor for either or both Altimetry and TRN functions. 15 km -5 km 1 Secondary function, maybe considered as redundancy option. The nominal operational scenario described above will vary depending on the mission and its Entry, Descent, and Landing (EDL) system design. A lunar mission may only require TRN function for meeting its landing ellipse accuracy requirements while another may only need the Doppler Lidar for precision navigation during terminal descent phase and execution of a soft touchdown. On the other hand, a Mars landing mission is very different from Moon landing because of presence of atmosphere and larger gravity force. Other factors that greatly influence the architecture of the sensors suite and its operational characteristics are landing accuracy, landing site terrain features, and the vehicle size. For example, an un-guided parachute descent with large swings and a protective heat-shield will restrict the operational periods of the lidar sensors that must have a clear view of the ground. Asteroid missions are yet very different from the Moon and Mars, as the primary objectives of the sensors are to generate elevation map of the object and measure the vehicle relative bearings in addition to precise proximity and velocity data.
II. Lidar Sensor Technology Development Approach
NASA-LaRC has been advancing the lidar technology for autonomous safe landing applications from design concepts to operational prototype systems under the ALHAT project for the past 7 years. The capabilities of each of the three lidar sensors were assessed and their performance were characterized through a series of static and dynamic experiments at the NASA-LaRC lidar test range, and from helicopter and fixed-wing aircraft platforms. [2] [3] [4] [5] [6] Table 2 lists the aircraft field tests conducted during different technology development phases of the lidars. The scope of each field test expanded as the lidar systems development progressed in order to show their operation as integrated sensor with other ALHAT landing system components, namely the Hazard Detection System (HDS) 7 , developed by NASA Jet Propulsion Laboratory (JPL) and the Autonomous Guidance, Navigation, and Control (AGN&C) system developed by NASA Johnson Space Center (JSC) and Charles Draper Laboratory (CDL). The HDS controls the Flash lidar pointing to the landing site and processes the lidar 3D image frames to select the landing location. HDS then provides the selected landing location coordinates to the AGN&C that uses the Doppler lidar and Laser Altimeter data to navigate the vehicle towards the landing location and execute the touch down maneuver. HDS compute element also uses the Flash lidar and Laser Altimeter data to perform the HRN and TRN functions that improve the vehicle relative position knowledge as described in previous section. Field tests 1-4 provided invaluable data for the development of fully autonomous prototype systems that were demonstrated in field test 5 campaign (see Fig. 2 ). The prototype lidars sensors are air-cooled and engineered to be as compact and robust as possible within the project budget and schedule constraints. Prior to field test 5, the prototype lidars were integrated with the HDS and AGN&C, and tested in a dynamic environment at NASA-LaRC Lidar Test Range on an instrumented truck. Operating as integrated sensors with other ALHAT subsystems, the prototype systems performed reliably during the two-week flight test 5 campaign. The prototype lidars were later integrated into a rocket-powered, terrestrial flight-test vehicle. The test vehicle, referred to as Morpheus 8 , is being built by NASA Johnson Space Center (JSC) to demonstrate advanced propulsion and GN&C technologies for future landing missions. A series of integration tests were conducted to validate their interfaces and operational procedures. These integration tests included two tethered tests during which the lidars were activated to communicate and provide data to various avionics while the Morpheus vehicle was suspendered from a crane and executing a controlled flight procedure. The integration tests were in preparation for a full landing demonstration in 2014 at a simulated lunar terrain site consisting of realistic hazard features and a few safe landing areas 9 . The lidars will be operating in a closed-loop with the ALHAT HDS and AGN&C to demonstrate autonomous safe landing system that controls the vehicle flight trajectory to the selected safe site and executes the landing maneuver (Fig. 3) . The following sections describe each of these advanced lidar sensors and provide their capabilities in their current prototype configuration. 
III. 3-Dimensional Imaging Flash Lidar
Flash lidar is capable of generating three dimensional (3D) images of the terrain at video rate with sufficient lateral resolution and range precision for performing landing TRN, HDA, and HRN functions. Flash lidar, as illustrated in Fig. 4 , uses a two dimensional detector array to detect a laser pulse return from the target. The detector's Readout Integrate Circuit (ROIC) measures the laser pulse time of arrival of each individual pixel simultaneously. Thus each flash of the laser generates a 3D image of the target illuminated by the laser beam. In older, more conventional imaging lidar systems, the laser beam is scanned over the targeted area in a raster pattern and a single detector is used to detect consecutive pulses. Thus many laser pulses are required to cover the target area and generate a multi-pixel image with sufficient resolution. The major challenge with such a scanning system is controlling the laser beam pointing from a moving platform and then estimating the laser spot position in the target area for each transmitted pulse. By recording a full 3D image with a single laser pulse, Flash lidar allows a much a higher image frame rate, eliminates the need for fast laser beam scanning mechanism, and mitigates the effects of the platform motion. The Flash lidar developed for ALHAT uses a 3D imaging camera, also referred to as sensor engine, developed by Advanced Scientific Concepts (ASC). 10, 11 The sensor engine consists of a detector array integrated with a matching ROIC packaged with associated detector/ROIC supply and control electronics and a real-time processor that calibrates the output of the ROIC and outputs both range and intensity image frames. The ASC sensor engine has a 128x128 pixel array that is capable of generating real-time images at up to 30 frames per second. Fig. 5 shows the prototype Flash lidar consisting of a sensor head and an electronic chassis. The sensor head houses the sensor engine, the transmitter laser, and the transmit/receive optics, while the sensor Controller and Data Handling (C&DH) unit, the laser driver, the power conditioning/distribution unit, and temperature control boards are housed in the electronic box. The transmitter laser operating at 1.06 micron wavelength, developed by Fibertek, generates a Launch Pad uniform square shape beam matching the detector array, with a divergence adjusted to match the receiver field of view. The lidar C&DH unit performs a number of function including controlling and monitoring various lidar components, interfacing with avionics, and performing image processing and conditioning. C&DH executes a median filter algorithm for eliminating sporadic range noises, masks the known bad pixels, and applies an absolute range calibration routine. The Flash lidar system and performance specifications are summarized in Table 3 . It is worth noting that the current designs of all three prototype sensor systems can be optimized to further reduce their size, mass, and power for integration into landing vehicles. The heat dissipation and thermal control subsystem account for a significant fraction of the size, mass, and power of current systems. 
IV. DOPPLER LIDAR
The ability of Doppler lidar in providing accurate vehicle vector velocity and altitude is critical for establishing a surface inertial navigation fix during the approach phase and navigating the vehicle, with the necessary precision of about 1 m, to the safe landing location identified by the Flash lidar and HDS. Doppler lidar also provides ground relative attitude angles (pitch and roll) that may help with the terminal descent and touch down maneuvers.
The Doppler lidar transmits three laser beams which are separated 120 degrees from each other in azimuth and are pointed 22.5 degrees from nadir. The signal from each beam provides the platform velocity and range to the ground along the laser line-of-sight (LOS). The LOS velocity and range precisions of the lidar have been measured to be approximately 3 mm/sec and 17 cm respectively. The six LOS measurements are then used to derive the three components of the vehicle velocity vector, and its altitude and attitude relative to the ground below. Past landing missions, including Surveyor, Apollo, Viking, Phoenix, and Mars Science Laboratory, 12,13 relied on radar technology for the altitude and velocity data. Doppler lidar offers major benefits including lower mass and smaller size, higher precision and data rate, and much lower false alarm rates. These attributes are particularly critical when autonomous hazard avoidance is employed or when "pinpoint landing" is required.
The Doppler Lidar obtains high-resolution range and velocity information from a frequency modulated continuous wave (FMCW) laser waveform whose instantaneous frequency is modulated linearly with time. Fig. 6 shows the modulation waveform consisting of three segments: up-ramp chirp, constant frequency, and down-ramp chirp. The resultant returned waveform from the target is delayed by t d , the light round trip time. When the target or the lidar platform is not stationary during the beam round trip time, the returned waveform will be also shifted up or down, depending on the velocity direction, due to the Doppler effect. When mixing the two waveforms at the detector, an interference signal is generated whose frequency is equal to the difference between the transmitted and received frequencies. In absence of velocity along the laser beam, the signal frequency during the "up-ramp" and "down-ramp" periods are equal and their magnitude is directly proportional to the distance to the target. When the vehicle is moving, the up-ramp and down-ramp frequencies will not be equal and their difference is related to the Doppler velocity. The target range and magnitude of the velocity component along the laser beam are determined through the following simple equations:
where and are the intermediate up-ramp and down-ramp frequencies, B is the modulation bandwidth, T is the waveform period, C is the speed of light, and  is the laser wavelength. The constant frequency segment also produces the Doppler velocity that can be used for eliminating the data dropouts when either up-ramp or down-ramp intermediate frequency is very close to zero and allows for minimizing the measurement ambiguities that may arise in certain scenarios. Down-ramp Freq. Doppler Freq. Fig. 7 illustrates the system design utilizing an optical homodyne configuration. A relatively low power, single frequency laser operating at eye safe wavelength of 1.55 micron, is used as the master oscillator. The output of this laser is modulated per the waveform of Fig. 6 . Part of the laser output is amplified to be transmitted and the remaining is used as the local oscillator (LO) for optical homodyne detection. The lidar transmits three laser beams in different directions and the returns are directed to three corresponding receivers.
Figure 7. Doppler lidar system configuration illustrating three transmitted beams and their corresponding receivers providing line-of-sight velocity and range measurements in three different directions.
The advancement of the Doppler lidar technology under the ALHAT project has led to development of a prototype system shown in Fig. 8 . The prototype system consists of an electronics chassis and an optical head that houses the three transmit and receive lenses. All the lidar components, including transmitter laser, receiver, and realtime processor, are housed in the electronic chassis. The optical head is mounted rigidly on the vehicle with a clear field-of-view to the ground, and connected to the electronic chassis through a long fiber optic cable carrying the transmitted beams to the lenses and directing the collected signals from the same lenses to the receivers. The specifications of the prototype Doppler lidar are summarized in Table 4 . As noted earlier, a significant fraction of the size, mass, and power is allocated to heat dissipation and temperature control. 
V. Laser Altimeter
The vehicle altitude can be measured by the Flash Lidar at high altitudes of over 20 km and the Doppler Lidar from about 2 km above the ground. However, a separate Laser Altimeter sensor can ease the spacecraft design and provide redundancy to this critical data. The prototype Laser Altimeter operates at an eye safe energy level at 1.57 micron wavelength for easier terrestrial operation and testing. The prototype system, as shown in Fig. 9 , is significantly more powerful and more precise than ALHAT project desired (Table 1) and it exceeds the performance requirements of any foreseeable landing mission. Altitude measurements with 0.5 m precision from about 20 km is more than sufficient for mitigating the drift by the Inertial Measurement Unit (IMU) and providing an accurate vehicle position estimate. Performing TRN function, using the Laser Altimeter measurements of the terrain contour, requires similar operational range and precision specifications. The current sensor exceeds these performance requirements by more than an order of magnitude. Table 5 lists the physical and performance specifications of the Laser Altimeter prototype. The size, mass, and power of this sensor can be reduced even more significantly than the Flash lidar and the Doppler lidar since we can use a much smaller laser and receiver aperture in development of a space flight unit. 
VI. Conclusion
Lidar has been identified by NASA as a key technology for enabling autonomous precision safe landing of future robotic and crewed lunar landing vehicles. NASA-LaRC is developing three laser/lidar sensor systems under the ALHAT project. The capabilities of these Lidar sensor systems were evaluated through a series of static tests using a calibrated target and through dynamic tests aboard helicopters and a fixed wing aircraft. The airbone tests were perfomed over Moon-like terrain in the California and Nevada deserts. These tests provided the necessary data for the development of signal processing software, and algorithms for hazard detection and navigation. The tests helped identify technology areas that need improvement and guide ongoing technology advancement activities.
